zymes, in the hope of improving our understanding of the mechanisms whereby tissue enzymes reach the circulation in disease processes. The discharge of intracellular enzymes into the medium during prolonged incubation of human leukocytes and rat lymphocytes has been shown to be inversely related to their ATP contents. Incorporation of AlP into the medium has a marked protective effect against enzyme loss. Other high-energy phosphates, such as uridine triphosphate and phosphoenolpyruvate, which can readily be converted into AlP, also exert a protective effect, but creatine phosphate, which cannot be so converted owing to the lowactivityof creatinekinaseinthe cells,exhibits no such action. Glucose and certain intermediates of the glycolytic pathway also reduce the leakage of intracellular enzymes, an effect which parallels their concentrations in the media. ATP also protects rat lymphocytes against enzyme loss provoked by high potassium concentrations. It is suggested that the integrity of the cell membrane, as assessed by its ability to prevent the leakage of enzymes, depends on the energy content of the cell, a decrease of which may be a common factor in clinical situations associated with elevated enzyme activities in the serum.
Although serum enzyme measurements
have been extensively used in diagnosis for more than two decades, the mechanisms by which intracellular enzymes are released into the circulation from damaged cells remain obscure. In a previous paper (3) we described rat lymphocytes as a model for the study of the release of intracellular enzymes in response to external stimuli. The rate of enzyme release was greatly enhanced by treatment with phospholipases A and C, the effect being more pronounced in the case of cytosolic enzymes 
Materials and Methods
Chemicals ATP (adenosine-5'-triphosphoric acid, disodium trihydrogen salt), ADP (adenosine-5'-diphosphoric acid, trisodium salt), AMP (adenosine-5'-phosphoric acid, disodium salt), UTP (uridine-5'-triphosphoric acid, trisodium salt) and creatine phosphate (creatine-phosphoric acid, sodium salt) were purchased from BDH Chemicals Ltd., Poole, Dorset, BH12 Figure 1 shows that release of lactate dehydrogenase Krebs-Ringer glucose buffer, pH 7.4, was prepared by dissolving NaC1 (117 mmol), KC1 (3.5 mmol), CaCl2 (2.5 mmol), KH2PO4 (1.2 mmol), MgSO4 (1.2 mmol), NaHCO3 (28 mmol), and glucose (8.3 mmol) in distilled water and adjusting the volume to 1 liter.
Determination of Enzyme Activities
Enzyme activities were measured at 25 #{176}C by methods involving the reduction of NAD or NADP or the oxidation of the corresponding dihydro compounds. The change in absorbance at 340 nm with time was recorded on a Unicam SP 800 spectrophotometer fitted with a scale expansion unit. Chemicals of reagent grade were used throughout.
Lactate dehydrogenase activity was determined by the reduction of pyruvate (5) , malate dehydrogenase by the reduction of oxaloacetate (6) . Aspartate transaminase was also determined spectrophotometrically 
Determination of ATP
The cell suspensions (0.2 ml) were mixed with 0.8 ml of ice-cold perchloric acid (0.6 mmol/liter) and the cells were disrupted in an M.S.E. ultrasonic disintegrator for 20 s. The mixture was set aside at room ternperature for 10 mm, then centrifuged in a Beckman 152 Microfuge for 2 mm. The ATP concentration in the supernatant fluid was determined by the method of BOcher (13) by use of a kit purchased from Boehringer Corp. (London) Ltd.
Human Leukocyte and Rat Lymphocyte Suspensions
Human leukocyte suspensions were prepared from fresh whole blood, and rat lymphocyte suspensions were prepared from the axillary and mesenteric lymph nodes of a freshly killed rat, by procedures already described (3) . The washed cells were suspended in Krebs-Ringer glucose buffer to give concentrations of about 10 000 human leukocytes per microliter or 60 000 rat lymphocytes per microliter.
Release of Enzymes from Cells
Freshly prepared rat lymphocyte or human leukocyte suspensions (1.5-2.5 ml) were incubated at 37 #{176}C for 4 h in the presence or absence of the agents under investigation.
At hourly intervals, 0.4-mi samples were withdrawn and centrifuged for 2 mm in a Beck- and to be unable to be utilized by hexokinase and myokinase (15), was found to have little effect on the release of lactate dehydrogenase from rat lymphocytes, though a slight ATP-like effect was observed after 2 h of incubation.
ADP also exhibited a slight but significant protective effect after 2 and 3 h of incubation (Table 2 ). In an attempt to establish a relationship between the rate of enzyme release and the intracellular ATP content, we did an experiment in which rat lymphocytes were incubated in Krebs-Ringer solution in the absence of glucose. Samples of the cell suspension (Table 4 ) and diminished the rate at which intracellular ATP disappeared (Table 5 ). Glucose 6-phosphate also decreased the rate at which lactate dehydrogenase was released into the medium, but its effect was somewhat less than that of glucose ( Figure  4) . Fructose, however, appears to exert little if any protective action, although fructose 6-phosphate acts similar to glucose 6-phosphate ( Figure 5 ). Figure 6 shows that increased K+ concentration causes increased leakage of lactate dehydrogenase
. from rat lymphocytes incubated at 37 #{176}C in KrebsRinger solution containing 1. 1 mmol of glucose per liter. This effect is decreased when higher concentrations of glucose are incorporated into the medium, and is abolished altogether in the presence of excess ATP.
Discussion
The results described in this paper (Table 1 and Figure 1 ) establish that inclusion of ATP into the external medium decreases the leakage of a number of intracellular enzymes from human leukocytes and rat lymphocytes.
This protective effect is related to the ATP concentration, because at physiological concentrations the action is slight and relatively short-lived, whereas at higher concentrations it is more pronounced and persists for a longer period. These re- Direct measurement of intracellular ATP indicates that enzyme leakage is minimal until ATP is almost exhausted (Figure 3) . Incorporation of glucose into the medium decreases the rate at which the ATP content falls and also the loss of intracellular enzymes.
Although Whether the effect of ATP is mediated within the cell or on the external surface of the membrane does not affect our hypothesis that enzyme leakage is associated with a decrease in the intracellular energy content. The protective effects of glucose, glucose-6-phosphate, and fructose 6-phosphate ( Figure 4 ) support our contention, because their metabolism leads directly to ATP production.
Further evidence is provided by the actions of agents that interfere with this process. lodoacetate, which inhibits glycolysis, and 2,4-dinitrophenol, an uncoupler of oxidative phosphorylation, were both shown to diminish the protective effect of glucose. The more marked effect we showed for glucose, as compared with that of glucose 6-phosphate and fructose 6-phosphate, may be due to the relative ease with which the unphosphorylated compound can enter the cell. The failure of fructose to exert any protective effect may be attributed to the loss of adenine nucleotides that accompanies the formation of fructose 1-phosphate (27).
The protective effect of phosphoenolpyruvate is probably attributable to the fact that rat lymphocytes are rich in pyruvate kinase, which forms ATP directly from this substrate.
Creatine phosphate, however, does not decrease enzyme efflux, presumably because the cells do not contain demonstrable creatine kinase and hence are unable to convert this energy-rich phosphate into ATP.
The slight protective effect of ADP (Table 2) appears to be due to the action of adenylate kinase,
